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Abstract— It is shown here that silicon (Si) based solar cells 
can be deposited by physical vapour deposition (PVD) methods 
only. These cells are called the PVD-Si cells. Their processing 
eliminates the deposition methods involving high temperature 
processing steps, and / or expensive, toxic and flammable gases 
used for processing conventional solar cells with Si absorbers. The 
PVD-Si cell design investigated has the structure of ITO | MoOx | 
c-Si | LiF | Al. When this cell is deposited on an untextured 
crystalline (c-Si) wafer, it has a fill factor value of 81.6% under the 
standard test conditions (STC). In order to improve the amount of 
short-circuit current density (Jsc) generated, this cell is also 
demonstrated on a textured c-Si wafer, achieving Jsc of 35.94 
mA/cm2 under STC. 
Keywords—heterojunction, crystalline silicon, physical vapour 
deposition, solar cell 
I. INTRODUCTION 
Among the single junction solar cell technologies, 
crystalline silicon (𝑐-𝑆𝑖) heterojunction (SHJ) solar cell with the 
thin layers of intrinsic 𝑎-𝑆𝑖:𝐻 (𝑖 − 𝑎-𝑆𝑖: 𝐻), i.e. the HIT solar 
cell, has the highest power conversion efficiency (𝜂) recorded 
under the standard test conditions (STC) [1]. In this cell design, 
a 𝑐-𝑆𝑖 wafer is used as the absorber, where all of the other layers 
are deposited onto the wafer. Here, the core photovoltaic 
structure is referred to as WAB where a 𝑐-𝑆𝑖 absorber (A) is 
sandwiched between a window contact layer (WCL) and a back 
contact layer (BCL). A solar cell structure is completed by 
contacting WAB by a different electrode on either side. 
Typically, WCL is contacted with a transparent front electrode 
(TFE), and BCL is contacted with a reflective back electrode 
(RBE). Photons enter the cell from the TFE side, and reach to 
absorber through WCL.  
Reducing recombination at the surface states of the 𝑐-𝑆𝑖 
wafer is critical for achieving high 𝜂 [2]. Thus, the WCL and 
BCL pair need to be able to passivate the wafer surface states. 
Furthermore, the WCL and BCL pair need to facilitate the 
separate collection of photogenerated electrons and holes from 
the absorber. For the SHJ cell, the WCL and BCL pair are made 
up by thin film silicon or its alloys (TF-𝑆𝑖/A). For the HIT cell, 
WCL is made up by a 𝑖 − 𝑎-𝑆𝑖:𝐻 layer and a 𝑝-doped TF-𝑆𝑖/A 
layer such as 𝑝 − 𝑎-𝑆𝑖:𝐻, and BCL is made up by a 𝑖 − 𝑎-𝑆𝑖:𝐻 
layer and an 𝑛-doped TF-𝑆𝑖/A layer such as 𝑛 − 𝑎-𝑆𝑖:𝐻 [2]. 
Here, 𝑖 − 𝑎-𝑆𝑖:𝐻 covers both sides of the wafer and provides the 
required interface passivation between the wafer and the doped 
TF-𝑆𝑖/A layers [2]. The 𝑝-doped TF-𝑆𝑖/A layer provides hole 
selectivity, and the 𝑛-doped TF-𝑆𝑖/A layer provides electron 
selectivity [2]. 
 The main challenges to improve SHJ cell’s performance and 
processing cost are associated with WCL and BCL. For 
example, because of the high density of tail states, the doped TF-
𝑆𝑖/A layers absorb a significant portion of the incoming photons 
[2]. However, the charge carriers generated by photon 
absorption in these layers do not contribute to 𝜂 because of the 
high charge carrier recombination rates [2]. 
The electrodes of SHJ cells are processed by physical vapour 
deposition (PVD) methods, whereas TF-𝑆𝑖/A based WCL and 
BCL are processed by chemical vapour deposition (CVD) 
methods [2][3], which area more complex and costly compared 
to PVD methods. Processing TF-𝑆𝑖/A layers involves expensive, 
toxic and flammable gases with significant health and safety 
related concerns [4][5]. Consequently, handling these gases 
requires strict safety procedures, the use of elaborate 
containment and sophisticated monitoring systems. These 
factors increase the cell processing costs. Furthermore, in order 
to prevent cross-contamination, each TF-𝑆𝑖/A layer requires its 
own CVD deposition chamber. Employing a multi-chamber 
CVD system further increases the processing complexity and 
costs [6]. 
The purpose for this work is to investigate a SHJ cell design 
that is deposited by PVD methods only, i.e. the PVD-𝑆𝑖 cell. 
This requires replacing the TF-Si/A based WCL and BCL layers 
by alternative materials, which can be processed by PVD onto a 
𝑐-𝑆𝑖 wafer, and which can passivate the 𝑐-𝑆𝑖 surface states. In 
addition, the alternative WCL and BCL materials should ideally 
have wider band gaps than TF-𝑆𝑖/A, so that the parasitic 
absorption losses are reduced. Furthermore, the alternative WCL 
and BCL materials should provide selective hole conduction and 
selective electron conduction respectively.  
The transition metal oxides with wide band gaps and high 
work functions, such as 𝑀𝑜𝑂/ , 𝑊𝑂/ , 𝑉2𝑂/ , [3][7]-[10] are 
identified as suitable materials for WCL. 𝐿𝑖𝐹 | 𝐴𝑙 [8][9][11] is 
identified as a suitable BCL | RBE combination. The PVD-𝑆𝑖 
cell design investigated is made up by an 𝐼𝑇𝑂 TFE, a 𝑀𝑜𝑂/ 
WCL, an 𝑛-doped 𝑐-𝑆𝑖 (𝑛 − 𝑐-𝑆𝑖) absorber, and a 𝐿𝑖𝐹 | 𝐴𝑙 based 
BCL | RBE combination.  
II. CELL DESIGN AND PROCESSING 
The reference cell is a HIT cell with an 𝐴𝑙 RBE. It has the 
structure of 𝐼𝑇𝑂	(75𝑛𝑚) | 𝑝−𝑎-𝑆𝑖:𝐻	(5𝑛𝑚) | 𝑖 − 𝑎-𝑆𝑖:𝐻	(7 𝑛𝑚) | 
𝑛 − 𝑐-𝑆𝑖 | 𝑖 − 𝑎-𝑆𝑖:𝐻 (7 𝑛𝑚) | 𝑛 − 𝑎-𝑆𝑖:𝐻 (9 𝑛𝑚) | 𝐴𝑙 (300 𝑛𝑚), 
where the ITO TFE has a 𝐴𝑔 grid on top, Fig. 1 (a). WAB of 
this cell is abbreviated by 𝑝𝑖𝑐𝑖𝑛, so that the reference cell is also 
referred to as the 𝑝𝑖𝑐𝑖𝑛	cell.	
 When the 𝑝 − 𝑎-𝑆𝑖: 𝐻 layer of the 𝑝𝑖𝑐𝑖𝑛	cell is replaced with 
a 10 𝑛𝑚	thick 𝑀𝑜𝑂/ layer, the resulting SHJ cell has the 𝑀𝑖𝑐𝑖𝑛 
WAB, and this cell is referred to as the 𝑀𝑖𝑐𝑖𝑛 cell. In the next 
iteration, the 𝑛 − 𝑎-𝑆𝑖:𝐻 layer of the 𝑀𝑖𝑐𝑖𝑛 cell is replaced with 
a 1.5 𝑛𝑚	thick	𝐿𝑖𝐹 layer, resulting in a SHJ cell with the 𝑀𝑖𝑐𝑖𝐿 
WAB, i.e. the 𝑀𝑖𝑐𝑖𝐿	cell. In the following iteration, the 𝑖 − 𝑎-
𝑆𝑖:𝐻 layers of the 𝑀𝑖𝑐𝑖𝐿 cell are eliminated, resulting in a PVD-
𝑆𝑖 cell with the 𝑀𝑐𝐿 WAB, i.e. the 𝑀𝑐𝐿 cell, Fig. 1(b). In the 
final iteration, the 𝑛 − 𝑐-𝑆𝑖	wafer	of	the	𝑀𝑐𝐿 cell is textured. 
 
Fig. 1. (a) The reference SHJ cell with the 𝑝𝑖𝑐𝑖𝑛 WAB, i.e. the 𝑝𝑖𝑐𝑖𝑛 cell, and 
(b) the PVD-𝑆𝑖 cell with the 𝑀𝑐𝐿 WAB, i.e. the 𝑀𝑐𝐿 cell.  
The wafer used here is phosphorous doped float zone, 
polished 𝑐-𝑆𝑖 wafer with the thickness of 280 ± 20 𝜇𝑚. The 
textured wafer is prepared by a wet anisotropic etching process. 
The 𝑝 − 𝑎-𝑆𝑖:𝐻, 𝑖 − 𝑎-𝑆𝑖:𝐻 and 𝑛 − 𝑎-𝑆𝑖:𝐻 layers are each 
deposited in a separate CVD chamber of a multi-chamber 
plasma enhanced CVD system. The non-silicon layers are 
processed by PVD methods. The solar cell precursors get 
exposed to air, except between the different 𝑎-𝑆𝑖:𝐻 deposition 
steps, and except between the deposition steps of the 𝐿𝑖𝐹 and 𝐴𝑙 
layers of the 𝑀𝑖𝑐𝑖𝐿 and 𝑀𝑐𝐿 cells. The former is because, during 
the deposition of the 𝑎-𝑆𝑖:𝐻 based layers, the cell precursors are 
transferred between the different CVD chambers without 
breaking the vacuum. The latter is due to the fact that both 𝐿𝑖𝐹 
and 𝐴𝑙 layers are deposited sequentially in the same PVD 
chamber. 
The front metal grid defining the cell area of 2𝑥2𝑐𝑚2  is 
deposited from a 𝐴𝑔 paste, which is cured for 25 𝑚𝑖𝑛𝑠 at the 
optimum curing temperature of 200K𝐶 for the 𝑝𝑖𝑐𝑖𝑛 cell, and at 
130K𝐶 for the 𝑀𝑖𝑐𝑖𝑛, 𝑀𝑖𝑐𝑖𝐿 and 𝑀𝑐𝐿 cells. The latter is because 
the efficiencies of the 𝑀𝑖𝑐𝑖𝑛, 𝑀𝑖𝑐𝑖𝐿 and 𝑀𝑐𝐿 cells get reduced 
when annealed at higher temperatures.  
III. CELL CHARACTERISATION 
The series resistance (𝑅Q)and the current density versus 
voltage (𝐽𝑉) measurements are carried out by a flash type solar 
simulator under STC. The values for the fill factor (𝐹𝐹) and for 
the open-circuit voltage (𝑉TU)  are determined from the 𝐽𝑉 
characterisation measurements. The short-circuit current density 
(𝐽QU) values quoted are calculated from the external quantum 
efficiency V𝜂WXY measurements, which are carried out under the 
short-circuit condition under STC.  
The reflectance and transmittance of the cells are measured 
by a spectroscopy system at the ambient temperature. 
IV. RESULTS AND DISCUSSION  
The performance parameters of the 𝑀𝑐𝐿  cell, which is 
deposited on a polished 𝑛 − 𝑐-𝑆𝑖	wafer, are 𝐽QU = 32.87	𝑚𝐴/
𝑐𝑚2, 𝑉TU = 0.575	𝑉, and 𝐹𝐹 = 0.816. When the 𝑀𝑐𝐿 cell is 
deposited on a textured 𝑛 − 𝑐-𝑆𝑖	 wafer, it generates 𝐽QU =
35.94	𝑚𝐴/𝑐𝑚2 under the same conditions. 
A. Current Gain Due To Replacing Doped  𝑎-𝑆𝑖: 𝐻 
The 𝐽QU  values for the 𝑝𝑖𝑐𝑖𝑛 and 𝑀𝑖𝑐𝑖𝑛 cells are measured 
to be 31.82	𝑚𝐴/𝑐𝑚2  and 32.40	𝑚𝐴/𝑐𝑚2 respectively. 
Therefore, there is a gain of 0.58	𝑚𝐴/𝑐𝑚2  in  𝐽QU , resulting 
from replacing the  𝑝 − 𝑎-𝑆𝑖: 𝐻	layer with the 𝑀𝑜𝑂/ layer. This 
can be explained by the fact that the photocurrent losses in the 
𝑀𝑜𝑂/  layer is likely to be less than those in the	𝑝 − 𝑎-𝑆𝑖: 𝐻 
layer, since 𝑀𝑜𝑂/ has a wider band gap than 𝑝 − 𝑎-𝑆𝑖: 𝐻 [12]. 
When the 𝑛 − 𝑎-𝑆𝑖: 𝐻	layer of the 𝑀𝑖𝑐𝑖𝑛  cell is replaced 
with the 𝐿𝑖𝐹  layer, the resulting 𝑀𝑖𝑐𝑖𝐿  cell has 	𝐽QU =
32.25	𝑚𝐴/𝑐𝑚2. Thus, there is a reduction of 0.15	𝑚𝐴/𝑐𝑚2 in 
𝐽QU. This could be due to the 𝐿𝑖𝐹 layer being only 1.5	𝑛𝑚 thick, 
which is likely to increase the probability of pinhole formation 
between RBE and the absorber. Despite this, the 𝑀𝑖𝑐𝑖𝐿	cell 
generates 0.43	𝑚𝐴/𝑐𝑚2 more	𝐽QU than the 𝑝𝑖𝑐𝑖𝑛 cell. 
B. Current Gain Due To Eliminating  𝑖 − 𝑎-𝑆𝑖: 𝐻 
In order to investigate the effect of  𝑖 − 𝑎-𝑆𝑖: 𝐻 on 𝐽QU, the 
thickness of the  𝑖 − 𝑎-𝑆𝑖: 𝐻 layers (𝑑) is reduced incrementally 
for the 𝑀𝑖𝑐𝑖𝐿 cell. Since 𝑖 − 𝑎-𝑆𝑖: 𝐻 is commonly used as the 
absorber for thin film silicon solar cells, some of the photons 
absorbed in the 𝑖 − 𝑎-𝑆𝑖: 𝐻 layers is expected to contribute to 




observed with decreasing 𝑑, Table I. In fact, eliminating the 𝑖 −
𝑎-𝑆𝑖: 𝐻 layers from the 𝑀𝑖𝑐𝑖𝐿 cell increases 𝐽QU by the amount 
of 0.62	𝑚𝐴/𝑐𝑚2 . One reason for this behaviour could be 
resulting from the reduced 𝑅Q, Table I, so that the ohmic losses 
are reduced and 𝐹𝐹 is also improved. The other reason could be 
the reduced reflectance of the 𝑀𝑐𝐿 cell compared to that of the 
𝑀𝑖𝑐𝑖𝐿 cell for the shorter wavelengths, Fig. 2. 
TABLE I.  THE 	𝐽QU , 𝐹𝐹  AND 𝑅Q  VALUES AS A FUNCTION OF THE 
THICKNESS OF  𝑖 − 𝑎-𝑆𝑖: 𝐻	FOR THE 𝑀𝑖𝑐𝑖𝐿 CELL. 
𝑖 − 𝑎-𝑆𝑖: 𝐻	(𝑛𝑚) 𝐽gh	(𝑚𝐴/𝑐𝑚2) 𝐹𝐹 𝑅Q	(Ω. 𝑐𝑚2) 
8 32.12 0.744 4.65 
6 32.34 0.756 3.98 
4 32.65 0.775 2.35 
0 32.87 0.816 0.77 
 
 
Fig. 2. The reflectance values for the 𝑀𝑐𝐿, textured 𝑀𝑐𝐿, 𝑀𝑖𝑐𝑖𝐿, and 𝑝𝑖𝑐𝑖𝑛 
cells. 
C. Effects Of Eliminating 𝑖 − 𝑎-𝑆𝑖: 𝐻 on The Leakage Current 
And Ohmic Losses 
For the 𝑀𝑐𝐿  cell and the 𝑀𝑖𝑐𝑖𝐿  cells with different 𝑖 −
𝑎-𝑆𝑖: 𝐻 thicknesses, the 𝑙𝑜𝑔jk(𝐽) versus 𝑉 curves drawn from 
the 𝐽𝑉 measurements taken in dark under ambient conditions are 
given in Fig. 3.  
 
Fig. 3. The 𝐽𝑉 data taken in dark in ambient conditions for the 𝑀𝑐𝐿 cell and 
the 𝑀𝑖𝑐𝑖𝐿 cells with the 𝑖 − 𝑎-𝑆𝑖: 𝐻 thicknesses of 4	𝑛𝑚, 6	𝑛𝑚 and 8	𝑛𝑚. 
In the very low forward bias and the reverse bias sections, 
the leakage current increases as the thickness of the 𝑖 − 𝑎-𝑆𝑖: 𝐻 
layers decreases, indicating that the 𝑖 − 𝑎-𝑆𝑖: 𝐻 layers covering 
the 𝑐-𝑆𝑖 wafer surface plays a significant role for blocking the 
leakage current. In the low reverse bias region, where the curves 
are almost a linear function of the bias voltage, the 
recombination saturation current density  dominates. The 
𝑙𝑜𝑔jk(𝐽)  versus 𝑉  curves in this bias region show that 
recombination increases with the decreasing 𝑖 − 𝑎-𝑆𝑖: 𝐻 
thickness. This indicates that the 𝑀𝑜𝑂/ WCL and the 𝐿𝑖𝐹 BCL 
without the 𝑖 − 𝑎-𝑆𝑖: 𝐻 layers do not provide as good 𝑐-𝑆𝑖 wafer 
surface passivation as the 𝑀𝑜𝑂/  WCL and the 𝐿𝑖𝐹 BCL with 
the 𝑖 − 𝑎-𝑆𝑖: 𝐻 layers.  
The diffusion saturation current, which is primarily 
associated with the junction between the WCL and the absorber, 
affects the linear segment of the 𝑙𝑜𝑔jk(𝐽) versus 𝑉 curve at the 
medium forward bias range. There is a very little difference 
between the 𝐽𝑉 curves in this region, thus the 𝑖 − 𝑎-𝑆𝑖: 𝐻 layers 
do not seem to play a significant role for the back diffusion of 
charge carriers. 
The slope of the curve for the high reverse applied bias 
region near 𝑉TU  is correlated with 𝑅Q . Since this slope is 
decreasing with the decreasing 𝑖 − 𝑎-𝑆𝑖: 𝐻  thickness, 
eliminating 𝑖 − 𝑎-𝑆𝑖: 𝐻  layers reduces 𝑅Q  significantly. As 
shown in Table I, eliminating the poorly conducting 𝑖 − 𝑎-𝑆𝑖: 𝐻 
layers results in a very low 𝑅Q of 0.77	Ω. 𝑐𝑚2. 
 In effect, eliminating 𝑖 − 𝑎-𝑆𝑖: 𝐻 appears to reduce the level 
of wafer surface passivation and increase the amount of leakage 
current. However, the associated losses are counterbalanced by 
the reduced ohmic losses due to the reduced 𝑅Q. 
D. The Effectiveness Of Charge Carrier Separation In The 
𝑀𝑐𝐿 cell   
In order to investigate whether the 𝑀𝑜𝑂/ WCL and the 𝐿𝑖𝐹 
BCL are able to provide effective charge carrier separation in 
the 𝑀𝑐𝐿  cell, the 𝜂WX  data with no bias and 𝜂WX  data at the 
reverse bias of −1𝑉  are compared. According to this 
comparison, the application of the reverse bias generated extra 
𝐽QU of 0.07	𝑚𝐴/𝑐𝑚2, which is insignificant. This implies that 
an effective charge carrier separation exists in the 𝑀𝑐𝐿 cell. 
E. Current Gain Due To Light Trapping 
Photon absorption can be increased by texturing the 𝑐-𝑆𝑖 
wafer surface. The textured 𝑀𝑐𝐿 cell generates 3.07	𝑚𝐴/𝑐𝑚2 
more 𝐽QU than the untextured 𝑀𝑐𝐿 cell, Fig. 4. 
 
Fig. 4. The spectral photocurrent density (𝑑𝐽𝑑𝜆)  distributions for the 
untextured and textured 𝑀𝑐𝐿 cells. The area under the 𝑑𝐽𝑑𝜆 curve gives  𝐽QU. 
For the untextured  𝑀𝑐𝐿 cell, 𝐽QU = 32.87	𝑚𝐴/𝑐𝑚2 .  When the 𝑀𝑐𝐿 cell is 
deposited on a textured 𝑐-𝑆𝑖 wafer, 𝐽QU increases by 3.07	𝑚𝐴/𝑐𝑚2, so that the 
textured  𝑀𝑐𝐿 cell generates 𝐽QU = 35.94	𝑚𝐴/𝑐𝑚2. 
 
 
The increase in 𝐽QU  for the textured 𝑀𝑐𝐿 cell is mostly 
attributed to the reduced reflectance, Fig. 2, so that more photons 
can penetrate into the absorber. Furthermore, for photons with 
the wavelength (𝜆) values beyond 650 𝑛𝑚, scattering at the back 
of the cell is expected to increase 	𝐽QU [14]. Thus, some of the 
additional 	𝐽QU generated by the textured 𝑀𝑐𝐿 cell for the longer 
𝜆 is likely to be due to the improved rear reflectance, Fig. 2, 
resulting from the rough interface between the absorber and 
BCL | RBE. 
F. Losses Due To Imperfect Anti-reflective Coating 
 In order to minimise the number of photons reflected from 
the silver grid deposited onto the 𝐼𝑇𝑂  TFE, the apex of 𝜂WX 
should be at around 600	𝑛𝑚, where the spectral power density 
under STC is at its highest value. Since the 𝐼𝑇𝑂 electrode also 
acts as the anti-reflective coating, and since the thickness of anti-
reflective layer is depends on the refractive indices of the layers 
between which it is sandwiched, the apex of 𝜂WX  can be 
achieved at around 600	𝑛𝑚 by fine tuning the thickness of the 
𝐼𝑇𝑂 TFE. 
 For the textured 𝑀𝑐𝐿 cell and for the untextured 𝑝𝑖𝑐𝑖𝑛 cell, 
the 𝜂WX  peak values occurs at around 600	𝑛𝑚, Fig. 5. Thus, 
75	𝑛𝑚 thick 𝐼𝑇𝑂 TFE appears to have the optimum thickness 
for these two cells. On the other hand, the highest 𝜂WX value for 
the untextured 𝑀𝑐𝐿  cell is measured at around 660	𝑛𝑚 , 
indicating that the thickness of the 𝐼𝑇𝑂  TFE needs to be 
optimised for this cell. 
 
Fig. 5. The external quantum efficiency V𝜂WXY data for the 𝑝𝑖𝑐𝑖𝑛, 𝑀𝑐𝐿, and 
textured 𝑀𝑐𝐿 cells.  
G. Potential Improvements 
 The main limiting factor for the 𝑀𝑐𝐿 cell is the relatively 
low 𝑉TU, which is likely to be resulting primarily from the air 
exposure of 𝑀𝑜𝑂/ . Air exposed 𝑀𝑜𝑂/  is observed to have a 
reduced work function [15], which could be less than the work 
function of	𝑝 − 𝑎-𝑆𝑖: 𝐻. This  would be detrimental to 𝑉TU [2]. 
Thus, preventing air exposure of the PVD-𝑆𝑖 cell precursors 
after the 𝑀𝑜𝑂/deposition step is highly likely to improve 𝑉TU 
significantly.  
 The textured 𝑀𝑐𝐿	cell processed here was the only attempt 
to apply surface texturing to the PVD-𝑆𝑖 cell concept. Therefore, 
optimising the screen-printing step of the 𝐴𝑔 grid for the 
textured 𝑀𝑐𝐿 cell precursor expected to further improve 𝑉TU of 
the textured 𝑀𝑐𝐿	cell. 
  𝐽QU  of the untextured 𝑀𝑐𝐿 cell could be increased by 
reducing its reflectance, which could be achieved by optimising 
the thicknesses of the 𝐼𝑇𝑂 TFE. Furthermore, 𝐽QU  of both 
textured and untextured 𝑀𝑐𝐿 cells could be improved by 
reducing the probability of pinhole formation between RBE and 
the absorber. This would require optimising the thicknesses of 
the 𝐿𝑖𝐹	BCL. 
 Note that 𝑀𝑜𝑂/	can be replaced with other suitable dopant 
free materials. For example, compared to 𝑀𝑜𝑂/, both 𝑊𝑂/ [10] 
and 𝑉2𝑂/ [3] are shown to perform better as WCL for SHJ solar 
cells. Conducting polymers such as PANI [16] can also be used 
as WCL. Similarly, 𝐿𝑖𝐹 can be replaced with other suitable 
dopant free materials, such as 𝑀𝑔𝑂 [17]. Furthermore,  𝑀𝑔𝑂 
can be combined with 𝐴𝑔 to function as BCL | RBE [17], which 
could increase 𝐽QU due to the better reflectance of 𝐴𝑔	compared 
to 𝐴𝑙 [18].    
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